Cell transplantation is a potential strategy for treating blindness caused by the loss of photoreceptors. Although transplanted rodprecursor cells are able to migrate into the adult retina and differentiate to acquire the specialized morphological features of mature photoreceptor cells 1 , the fundamental question remains whether transplantation of photoreceptor cells can actually improve vision. Here we provide evidence of functional rod-mediated vision after photoreceptor transplantation in adult Gnat1 2/2 mice, which lack rod function and are a model of congenital stationary night blindness 2 . We show that transplanted rod precursors form classic triad synaptic connections with second-order bipolar and horizontal cells in the recipient retina. The newly integrated photoreceptor cells are light-responsive with dim-flash kinetics similar to adult wild-type photoreceptors. By using intrinsic imaging under scotopic conditions we demonstrate that visual signals generated by transplanted rods are projected to higher visual areas, including V1. Moreover, these cells are capable of driving optokinetic head tracking and visually guided behaviour in the Gnat1 2/2 mouse under scotopic conditions. Together, these results demonstrate the feasibility of photoreceptor transplantation as a therapeutic strategy for restoring vision after retinal degeneration.
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Cell transplantation is a potential strategy for treating blindness caused by the loss of photoreceptors. Although transplanted rodprecursor cells are able to migrate into the adult retina and differentiate to acquire the specialized morphological features of mature photoreceptor cells 1 , the fundamental question remains whether transplantation of photoreceptor cells can actually improve vision. Here we provide evidence of functional rod-mediated vision after photoreceptor transplantation in adult Gnat1 2/2 mice, which lack rod function and are a model of congenital stationary night blindness 2 . We show that transplanted rod precursors form classic triad synaptic connections with second-order bipolar and horizontal cells in the recipient retina. The newly integrated photoreceptor cells are light-responsive with dim-flash kinetics similar to adult wild-type photoreceptors. By using intrinsic imaging under scotopic conditions we demonstrate that visual signals generated by transplanted rods are projected to higher visual areas, including V1. Moreover, these cells are capable of driving optokinetic head tracking and visually guided behaviour in the Gnat1 2/2 mouse under scotopic conditions. Together, these results demonstrate the feasibility of photoreceptor transplantation as a therapeutic strategy for restoring vision after retinal degeneration.
So far there have been no convincing reports of photoreceptor-cell transplantation actually improving the recipient's vision. This may be due to the relatively low numbers of new rod photoreceptors successfully transplanted in previous studies (typically fewer than 1,000 cells) 1, [3] [4] [5] [6] . To establish that new rods truly can improve vision, we optimized the rod-transplantation procedure to increase the number of newly integrated photoreceptor cells in wild-type mice. The donorcell population was rod-photoreceptor precursors identified by their expression of green fluorescent protein (GFP) under control of the promoter for the rod-specific transcription factor, Nrl
7
. We obtained maximum integration together with optimal recipient retinal histology after the transplantation of 200,000 fluorescence-activated cell sorted Nrl-GFP 1 rod precursors, taken from postnatal day (P) 4-8 Nrl-GFP donor mice, by subretinal injection to both the superior and the inferior retina. This resulted in a 20-to 30-fold increase in the number of integrated rod photoreceptors compared with previous studies, with up to 26,000 new rods within the outer nuclear layer of recipient adult wild-type mice (16,759 6 1,705 cells; Fig. 1a and Supplementary Fig. 1 ). Integrated cells were found predominantly around the injection sites, but were distributed over more than 50% of the retinal area. Thus, up to 16% of donor cells integrated into the host outer nuclear layer (see Supplementary Information for estimation of integrated cell number). Supplementary Fig. 1 summarizes how this was achieved.
To test the functionality of the transplanted rod photoreceptors, we selected a murine model in which improvement of rod vision could be assessed definitively; the Gnat1 2/2 mouse lacks rod a-transducin (Gnat1), a protein essential for rod phototransduction. It has no rod function 2 or behavioural responses to scotopic visual stimuli; it displays, however, near-normal cone histology 8 , function and behavioural responses to photopic visual stimuli ( Supplementary Fig. 2 and refs 2, 9 ) and shows no loss of cones with time 8 . Nrl-GFP 1 rod precursors integrated into the adult Gnat1 2/2 retina in numbers very similar to those observed in wild-type recipients (18,300 6 1474; maximum 32,015 integrated cells; Fig. 1a ). Integrated cells were appropriately located within the outer nuclear layer and morphologically very similar to wild-type rods (Fig. 1b-i and Supplementary Fig. 3 ), correctly expressing rod a-transducin (Fig. 1c, d ), which is absent in endogenous Gnat1 2/2 rods, together with all other mature rod markers examined (rod arrestin (Fig. 1e, f) , rhodopsin, recoverin, phosducin (data not shown)). They demonstrated outer segment formation (Fig. 1b-f ) and appropriate light-dependent translocation of rod a-transducin (Fig. 1c, d ) and arrestin (Fig. 1e, f) 10 between the outer segments and the cell body/synapse. Most (.80%) of Nrl-GFP 1 rods located within the outer nuclear layer displayed synaptic boutons. All those examined by immunohistochemistry (15-20 cells per marker) appropriately expressed the rod ribbon synapse proteins ribeye, bassoon and/or dystrophin 11 ( Fig. 1g-i) . Finally, ultrastructural analysis confirmed that integrated Nrl-GFP 1 rods typically formed the classic triad synapse with endogenous horizontal and bipolar neurons ( Fig. 1j, k ; synapses observed for 51/55 cells examined; see Supplementary Information).
To test for light responses in Nrl-GFP 1 rods correctly integrated within Gnat1 2/2 recipients, we performed suction-pipette recordings 12 ( Fig. 2a, b) . Pigment bleached by the GFP-excitation light used during Nrl-GFP 1 cell searching was regenerated with 9-cis-retinal before recording (see Supplementary Information). To control for the effects of the bleaching/regeneration procedure on the speed of the dim-flash response kinetics and the sensitivity of wild-type rods (Fig. 2b,) , we also recorded from non-injected wild-type retinae with and without the excitation-light/pigment-regeneration procedure (Fig. 2a, b) . All recorded Nrl-GFP 1 rods with an intact inner segment, cell body and synaptic terminal showed light responses (n 5 9/9; Fig. 2a, b) . Their saturated photocurrent (4.6 6 0.5 pA) was similar to that of wild-type rods with or without bleaching/regeneration treatment ( Fig. 2b ; 6.4 6 0.7 and 6.1 6 0.8 pA, respectively). Dim-flash response kinetics, indicated by time-to-peak (t peak ) and integration time (t i ), were similar between Nrl-GFP 1 and wild-type rods subjected to bleaching/regeneration (see Fig. 2b ). Individual Nrl-GFP 1 rods showed variations in sensitivity, with one cell being as sensitive as bleached/regenerated wild-type rods and the other three over a log unit less sensitive (Fig. 2b) . This variation may be real, or simply reflect the small sample size (owing to technical challenges in obtaining this parameter in bleached/regenerated Nrl-GFP 1 rods). For each Nrl-GFP 1 rod recorded, several adjacent GFP -ve rods were also tested; none gave detectable responses (Fig. 2c) ERGs were recorded weekly 3-6 weeks after transplantation using a double-masked protocol (see Supplementary Information), before the eyes were assessed for Nrl-GFP 1 rod-photoreceptor integration. Despite robust integration (7, ,616 integrated cells per eye; n 5 6), ERG responses were not detected upon scotopic stimulation of procedured Gnat1 2/2 animals ( Supplementary Fig. 4a ). In contrast, such responses were readily recordable in wild-type animals (Supplementary Fig. 4f ). These results were not unexpected because control experiments with an adeno-associated (AAV2/8) viral vector to deliver a Gnat1 transgene showed that a scotopic ERG response was recordable only after transduction of approximately 150,000 photoreceptor cells, but not of 60,000 rods (Supplementary Fig. 4d-g ). Robust responses were observed in all groups after photopic stimulation with no significant differences between sham and Nrl-GFP 1 -treated eyes ( Supplementary Fig. 4h ). Thus, proper functioning of all retinae was maintained throughout and was not impaired by the transplantation procedures. 
RESEARCH LETTER
Given the magnification of retinal signals shown by the visual pathway, we reasoned that photoresponses recorded from transplanted Nrl-GFP 1 rods, although too small in amplitude or too few in number to be detected by ERG, could be transmitted to the brain and generate activity in defined areas of the visual cortex. We therefore performed optical intrinsic imaging 13, 14 of primary visual cortex (Fig. 2d, e and Supplementary Fig. 2b ). Four overlapping stimuli covering most of the visual field of the stimulated eye were used and consisted of flickering black/white bars on a grey background (Fig. 2e, row i) . When presented to wild-type mice (n 5 5), such stimuli always evoked strong signals in well-defined areas of the visual cortex under both scotopic (Fig. 2e, row ii) and photopic (Supplementary Fig. 2b ) conditions. Normal retinotopy was observed, as indicated by the different cortical locations of the responses to each stimulus (colour maps; Fig. 2e and Supplementary Fig. 2b ). In contrast, no detectable response was observed after scotopic stimulation of untreated Gnat1 2/2 mice (n 5 7) (Fig. 2e, row iii, and Supplementary Figs 2b and 5) . We assessed the impact of transplantation by giving Gnat1 2/2 animals Nrl-GFP 1 rod precursors or age-matched Gnat1 2/2 (sham) cells, as before. We observed no cortical activity in response to scotopic visual stimuli presented to sham-injected eyes (n 5 3; Fig. 2e , row iv, and Supplementary Fig. 5 ), demonstrating that neither injection procedure nor presence of non-functional cells led to false signals in the neocortex. However, presentation of the same stimuli to eyes receiving Nrl-GFP transplants led to robust responses in all animals (n 5 5; Fisher's exact test P 5 0.0175) (Fig. 2e , row v, and Supplementary Fig. 5) ; partly overlapping stimuli gave responses in likewise partly overlapping areas of the neocortex, with some preservation of retinotopy in the areas of integration (colour maps; Fig. 2e, row v, and Supplementary Fig. 5 ). Robust integration (10,782-31,075 cells) was observed in all animals displaying cortical activity. Because transplanted cells predominantly integrate near the injection site, it is reasonable that only some stimuli led to a reliable cortical response (compare stimuli 1, 3, 4 with stimulus 2, Fig. 2e, row v) . Whenever possible, after using scotopic stimuli we assessed photopic stimuli; such stimuli elicited clear responses in all groups.
To address the paramount question of whether photoreceptor transplantation confers improvements in vision, we assessed visual function first by measuring optomotor head-tracking responses to a rotating grating (Fig. 3a, b ; see Supplementary Information) 9, 15, 16 . 
Gnat1 -/-(sham both eyes) Paired eyes Paired t-test P < 0.001
Computer screen 3 ) treated Gnat1 2/2 eyes, and the averages of left and right eyes for Gnat1 2/2 mice receiving original protocol transplants 1 or sham injections to both eyes, or untreated Gnat1 2/2 or wild type (white bars) controls. OR, optomotor response. Paired t-test. e, f, Scatter plots of contrast sensitivity and visual acuity against integrated Nrl-GFP 1 rod number. g, h, Photopic contrast sensitivity and visual acuity for Nrl-GFP-(light grey) and sham-treated (dark grey) eyes before and after transplantation. Means 6 s.e.m.; n, number of animals.
LETTER RESEARCH

Gnat1
2/2 mice received dual transplants of Nrl-GFP 1 rod precursors into one eye and age-matched Gnat1 2/2 cells into the contralateral eye, as previously described. Additional cohorts received (1) the same, but using our original protocol 1 , (2) dual Gnat1 2/2 sham injections to both eyes or (3) no injection. As expected, no head-tracking behaviour was observed in any Gnat1 2/2 mouse at scotopic luminance levels (Fig. 3c, e) and normal head tracking occurred under photopic conditions ( Supplementary Fig. 2c, d ) before transplantation. After transplantation, scotopic optomotor responses were only seen in Nrl-GFP-treated eyes; mean contrast-sensitivity threshold for Nrl-GFP-treated animals was 1.3 6 0.1 compared with 15.0 6 0.6 in wild type (Fig. 3c) . Murine visual acuity is poorer under scotopic than photopic conditions (0.
2/2 mice under the same conditions (Fig. 3e) . Moreover, there was a significant positive correlation between both contrast sensitivity (F-test, P , 0.01; Fig. 3d ) and visual acuity (F-test, P , 0.05; Fig. 3f ) and the number of integrated Nrl-GFP 1 rods. Photopic optomotor responses, assessed after scotopic testing, remained unchanged (Fig. 3g, h) .
Finally, we assessed vision using the visually guided water-maze test 17 , which requires cognitive processing of visual information to associate a grating with escape from a Y-shaped water maze. Under photopic conditions, Gnat1 2/2 mice learned and completed the task as well as wild type ($70% correct responses; Fig. 4a, Supplementary  Fig. 2e-g and Supplementary Information) but performed no better than chance under scotopic conditions. Gnat1 2/2 mice then received Correct choices made (%)
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Figure 4 | Nrl-GFP-treated Gnat1
2/2 mice can solve the visually guided water-maze task under scotopic conditions. a, Schematic of water-maze apparatus (adapted from ref. 22 ; see Supplementary Information). Mice were trained to associate striped grating with escape from water by a hidden platform. An animal 'passes' a trial by crossing the red line (decision point) on the side of the divider with the striped grating. b, Pass rate of Nrl-GFPtreated (black), sham-injected (dark grey) and noninjected (mid grey) Gnat1 2/2 and non-injected wild-type (light grey) mice. Nrl-GFP-treated animals with a pass-rate of at least 70% are shown in green throughout. Mouse numbers in red refer to mice shown in Supplementary Movie. c, Average performance rate of all groups. d, Visual acuity and e, contrast sensitivity measurements for responders from Nrl-GFP-treated (green) and wild-type (light grey) groups. f, Swim-time latencies (time-toplatform) for all (light grey) and correct choiceonly (dark grey) trials. g, Ability to solve watermaze task plotted against integrated Nrl-GFP photoreceptor number. h, Examples of integration in animals that successfully (top; Nrl-GFP-treated, number 6) or unsuccessfully (bottom; Nrl-GFPtreated, number 5) solved the task, as indicated in g (circled, red). Scale bar, 100 mm. i-k, Pass rate (i), visual acuity (j) and contrast sensitivity (k) for Nrl-GFP-treated (light grey bars) and shaminjected (dark grey bars) Gnat1 2/2 mice before and after transplantation under photopic conditions. Means 6 s.e.m.; ANOVA; n, number of animals.
RESEARCH LETTER
(1) dual injections of Nrl-GFP 1 rod precursors to both eyes, (2) sham injections to both eyes or (3) remained untreated. After transplantation, four out of nine Gnat1 2/2 animals receiving Nrl-GFP 1 rod precursors correctly completed the task in at least 70% of trials under scotopic conditions (green bars, Fig. 4b ; Supplementary Movie). In contrast, all sham and untreated Gnat1 2/2 mice performed no better than chance (50%). As a group, Nrl-GFP-treated animals were significantly better at solving the water-maze task than either control group (Fig. 4c) . The four Nrl-GFP-treated Gnat1 2/2 animals able to solve the task correctly further had a contrast sensitivity of 1.3 6 0.04 and visual acuity of 0.09 6 0.005 cycles per degree (compared with contrast sensitivity of 3.0 6 0.24 and visual acuity of 0.206 6 0.005 cycles per degree, respectively, for wild-type controls; Fig. 4d, e) . These same animals solved the task with an average swim time of 15.1 6 0.8 s (correct choice swim-time latency 9.6 6 0. , untreated Gnat1 2/2 and wild-type mice, respectively (Fig. 4f ). There was a significant positive correlation between ability to solve the task and integrated Nrl-GFP 1 rod number (F-test, P , 0.01; Fig. 4g, h ). Cell integration in those animals that performed best in this task was often clustered, rather than widely distributed across the retina, suggesting that proximity of integrated cells to one another may be important, in addition to absolute number. For example, Nrl-GFP-treated animals numbers 1 and 2 had similar numbers of integrated rod photoreceptors but number 1 had qualitatively more closely grouped clusters of cells (data not shown). Ability to perform the water-maze task under photopic conditions, assessed after scotopic testing, remained unchanged in all groups after transplantation ( Fig. 4i-k) .
Although the scotopic visual function recorded here in transplanted Gnat1 2/2 mice is lower than in wild-type animals, such sensitivity is still impressive given that integrated photoreceptors account for less than 1% of the total rods in the retina. However, other studies have demonstrated a remarkable sensitivity from very few light-sensitive cells 18 , whereas clinical studies have shown useful vision despite there being no detectable ERG response from the retina 19 . Many additional steps are required before these findings can be translated to the clinic, but the results presented here demonstrate for the first time that transplanted rod-photoreceptor precursors can integrate into a dysfunctional adult retina and, by directly connecting with the host retinal circuitry, truly improve vision.
METHODS SUMMARY
The transplantation procedures were performed as described previously 1,3-5 with modifications, as described in Supplementary Fig. 1 and Supplementary Information. All recipients were adult (6-8 weeks) at time of transplantation and functional assessments were made 4-6 weeks after transplantation. Cellular, retinal and behavioural assessments of visual function were assessed using suctionpipette recordings 12, 20 , ERGs 21 , optical imaging 13, 14 , optomotor 9, 15, 16 and watermaze 17 testing and previously published protocols with amendments as detailed in Supplementary Information.
